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ABSTRACT: Hydroxyapatite nanoparticles (nHAP) have been widely used to remediate soil | i wipenins m S
and wastewater contaminated with metals and radionuclides. However, our understanding of i

nHAP transport and fate is limited in natural environments that exhibit significant variability in v
solid and solution chemistry. The transport and retention kinetics of Alizarin red S (ARS)-
labeled nHAP were investigated in water-saturated packed columns that encompassed a range
of humic acid concentrations (HA, 0—10 mg L), fractional surface coverage of iron
oxyhydroxide coatings on sand grains (4, 0—0.75), and pH (6.0—10.5). HA was found to have a
marked effect on the electrokinetic properties of ARS-nHAP, and on the transport and
retention of ARS-nHAP in granular media. The transport of ARS-nHAP was found to increase
with increasing HA concentration because of enhanced colloidal stability and the reduced
aggregate size. When HA = 10 mg L™, greater ARS-nHAP attachment occurred with increasing
A because of increased electrostatic attraction between negatively charged nanoparticles and UWJ
positively charged iron oxyhydroxides, although alkaline conditions (pH 8.0 and 10.5) reversed —

the surface charge of the iron oxyhydroxides and therefore decreased deposition. The retention

profiles of ARS-nHAP exhibited a hyperexponential shape for all test conditions, suggesting some unfavorable attachment
conditions. Retarded breakthrough curves occurred in sands with iron oxyhydroxide coatings because of time-dependent
occupation of favorable deposition sites. Consideration of the above effects is necessary to improve remediation efficiency of
nHAP for metals and actinides in soils and subsurface environments.

If

B INTRODUCTION including nanoparticles (NPs), in granular media. Natural

Hydroxyapatite nanoparticle (Cayo(PO,)s(OH),, nHAP), granular media exhibit surface charge heterogeneities charac-

which is a biocompatible and bioactive ceramic,’ has been terized by microscale regions favorable to NP retention, even
. 8

widely advocated for use in remediation of metals in though average surface properties may be unfavorable.” Patches

wastewater” and in nuclear waste disposal.’> Metals (e.g, Pb, of iron and aluminum oxyhydroxides are common forms of

St, and Co) and actinides (e.g, U) can be sorbed onto the surface charge heterogeneity that have been associated with
environmentally stable structure of nHAP2™# However, little enhanced NP retention. Unlike silica minerals, these metal
attention has been paid to the fate and transport of nHAP in oxyhydroxides are amphoteric with relatively high points of
soil and groundwater systems, even though nHAP has been zero charge (pHpyc). Often, pH values in groundwater and
suggested as a remediation agent for nuclear waste sites.* In soils are below the pHp,c of iron (7.5) and aluminum
addition, mobile nHAP can alter the distribution of many metal oxyhydroxides (9),"* so these minerals acquire a net positive
contaminants in soils and groundwater.>® To track its transport surface charge.”"" Because nHAP and silica exhibit a net
8 P . . 613 .
and distribution in saturated granular media, nHAP was negative charge at ambient pH,”” nHAP attachment is
covalently bonded with the fluorescent label Alizarin red S expected to be “unfavorable” for silica and “favorable” for
(ARS), which is commonly used for histological staining of iron and aluminum oxyhydroxides. However, moderately to
hydroxyapatite in mammalian embryos."”
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highly alkaline conditions can result in reversal of surface charge
of iron and aluminum oxyhydroxide coatings, thereby
enhancing nHAP mobility.

Humic acid (HA), a major component of natural organic
matter and ubiquitous in soils and groundwater environments,
is one of the key factors governing the environmental transport
and fate of colloids and especially NPs. For example, HA was
found to enhance transport of nanosized C4 and carbon
nanotubes in saturated porous media by decreasing electrostatic
attraction and increasing steric repulsion.'*'> However, the
effect of HA on nHAP mobility in granular media has received
only limited attention.'® In particular, no research has yet been
published on the influence of HA on nHAP mobility in the
presence of variable amounts of iron oxyhydroxide coatings as a
function of pH. The overall objective of this study was
therefore to systemically investigate the roles of HA
concentration, iron oxyhydroxide grain coatings, and pH on
the transport of ARS-labeled nHAP in water-saturated packed
columns.

B MATERIALS AND METHODS

ARS-Labeled nHAP. nHAP (99+% purity) was obtained
from Aipurui Nanomaterial, Inc, China. Detailed character-
ization of nHAP was conducted in our previous work.'® Briefly,
nHAP is 20 nm wide and 100 nm long, and has a Ca/P molar
ratio of 1.65 and a specific surface area of 154 m* g~'. Alizarin
red S (ARS, C,H,NaO,S) was used as a label to facilitate
tracking of nHAP through saturated, granular media. The ARS-
labeled nHAP (ARS-nHAP) was prepared following the
procedure reported elsewhere.! In brief, ARS (Sigma Aldrich,
Germany) was dissolved in 0.1 M NaOH followed by addition
of sonochemically synthesized nHAP. After 1 h, nHAP was
pelleted by centrifugation (1000g), and then washed with
ethanol and phosphate buffer.'” Finally, ARS became
irreversibly chemisorbed onto the surface of the nHAP by
reacting with calcium.'” Epifluorescence imaging of the ARS-
nHAP was performed to confirm successful labeling by ARS
(Figure S1 in Supporting Information).

Stable aqueous ARS-nHAP suspensions were prepared by
adding 20 mg of ARS-nHAP powder to 200 mL of 0.1 mM
NaCl solution at desired pH and HA concentration (see Table
1 and S2), stirring for 1 min, and sonicating (100 W, 45 kHz,
KQ-300VDE sonicator, China) for 30 min at 25 °C to ensure a
homogeneous suspension. The resulting suspension contained
100 mg L™" ARS-nHAP.

Column Transport Experiments. Quartz sand (Sino-
pharm Chemical Reagent Co., Ltd., 0.55—0.65 mm, 0.6-mm
median grain size'®) served as the granular media in the column
studies. Prior to use, the sand was cleaned thoroughly using a
procedure described elsewhere.'®

Three sets of column experiments were conducted to
investigate the influence of HA on the transport and deposition
of ARS-nHAP in saturated quartz sand. The first set
investigated the effect of HA concentration (0, 1, S, and 10
mg L") in clean quartz sand at pH 7.2.

The second set was designed to investigate the effects of HA
(10 mg L™") and surface charge heterogeneity, also at pH 7.2.
Surface charge heterogeneity was introduced into our model
granular media by coating a fraction of the grains with iron
oxyhydroxides®' " following a procedure similar to that used
by Stahl and James ($3).° Geochemically heterogeneous
granular media were prepared by mixing portions of the coated
and uncoated sand to achieve iron oxyhydroxide surface

2739

Table 1. Electrokinetic Potentials of Sand Grain and ARS-
nHAP, and Extended DLVO Parameters for the ARS-
nHAP—Sand Interaction

HA® 1s? o,
mg L mM A€ pH ¢t mv Capsnpap’ MV KT
0 01 0 72 —6l0+13  —260 + 2.5 67
1 01 0 72 —621+12 —504+37 250
5 01 0 72 —-628+ 14 —560+35 307
10 01 0 72 —632+21 —587+18 355
10 01 0075 72 —S82+14 —S87+18 292
10 01 0150 72 —S11+08 —S87+18 259
10 01 0225 72 —420+17 —587+18 218
10 01 0300 72 —345+15 —587+18 180
10 01 0375 72 —261+21 —587+18 145
10 01 0750 72 —54+07 —587+18 107
10 01 0150 60 —43.6+29 —37.8+27 156
10 01 0150 80 —564+31 —612+21 296
10 01 0150 105 —700+ 14 —72.0+23 423

“Humic acid (pH 7.2). YTonic strength (NaCl as background

electrolyte). “Fraction of the quartz grain surfaces coated by iron
1. d ) .

oxyhydroxide. “Zeta potential of quartz grain or average value of

uncoated/coated quartz grain. “Zeta potential of ARS-nHAP. fEnergy

barrier to primary minimum as calculated by extended DLVO theory.

coverage ranging from A = 0 to 0.75 (Table 1), where 4 is
the fraction of the quartz sand coated by iron oxyhydroxide.

A third set of experiments examined the effect of pH on the
transport of ARS-nHAP in sand having a heterogeneous surface
charge at fixed surface coverage of iron oxyhydroxides (1 =
0.15) and HA concentration (10 mg L™") over a pH range of
6.0—10.5, where the latter pH exceeded the highest pHpc of
the iron oxyhydroxides. The pH was adjusted using 1.0 mM
HCI and/or NaOH to achieve pH values of 6.0, 8.0, and 10.5
(Table 1).

Transport experiments were conducted in 2.6-cm diameter,
20.0-cm long glass chromatography columns fitted on both
ends with polytetrafluoroethene end-caps and stainless-steel
mesh (80-um openings). The columns were wet-packed using
sequential 1-cm lifts. After each lift, the columns were tapped to
eliminate air bubbles. In iron oxyhydroxide coating experi-
ments, the coated/uncoated sand grains were thoroughly mixed
to ensure an even distribution in the column. Porosity of the
packed columns varied between 0.37 and 0.40.

To preclude desaturation, columns were run in an upflow
mode using an YZII-15 peristaltic pump (Baoding Longer
Precision Pump Co. Ltd, China) and equilibrated by
sequentially pumping ~10 pore volumes (PVs) of DI water
followed by at least 10 PVs of the nHAP-free background
electrolyte solution through the column at a constant Darcy
velocity of 7.5 X 107> cm s™". A stable ARS-nHAP suspension
(100 mg L7') with the same background electrolyte
composition was then introduced into the column for about
4 PVs, followed by several PVs of background electrolyte
solution (no ARS-nHAP) to flush any unattached NPs that
were left in the column. Column effluent was collected using a
BS-110A fraction collector (Huxi Analytical Instrument Factory
Co., Ltd, China). The concentrations of ARS-nHAP in the
effluent were determined spectrophotometrically at a wave-
length of 518 nm (721-100, Jinghua Science and Technology
Instrument Co., Ltd, China).'"” A calibration curve was
constructed by diluting the 100 mg L' ARS-nHAP suspension,
which was linear within the range of 0—100 mg L™".
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Following the completion of each transport test, each column
was dissected into 10 layers of 2-cm segments, and the collector
grains in each fraction were extracted with DI water to
determine spatial distribution profile of retained ARS-nHAP, as
described earlier.>® A mass balance was calculated by
comparing the quantity of ARS-nHAP in the effluent and
retained in the sands to that injected into the column. All
transport tests were conducted at least in duplicate.

ARS-nHAP Aggregation and Electrokinetic Properties.
Suspensions of ARS-nHAP (100 mg L™") were air-dried on
400-mesh, carbon-coated Cu transmission electron microscopy
(TEM) grids. The morphology, structure, and size of individual
ARS-nHAP were then measured using TEM (JEOL TEM-
2100). The average ARS-nHAP aggregate size and the intrinsic
size distributions in various influent and select effluent
suspensions were determined by dynamic light scattering
(DLS) measurement, which are given in S4.

To better understand the mechanisms governing ARS-nHAP
transport and deposition in saturated sand, ARS-nHAP was
characterized under the same conditions as those employed in
the column experiments described below. Electrophoretic
mobilities were obtained using microelectrophoresis (Zhong-
cheng Digital Technology model JS94G, China) at room
temperature, as described ealier,"®'® and converted to zeta ()
potentials using the Smoluchowski equation.”’ Streaming
potentials of the iron oxyhydroxide-coated sand grains were
measured”” using a streaming potential analyzer (BI-EKA,
Brookhaven Instruments Corp., Holtsville, NY) and converted
to {-potentials using the Helmholtz—Smoluchowski equation.>!
This zeta potential information was used in conjunction with
extended Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory”>** to calculate the average interaction energy of ARS-
nHAP with the various granular media (SS).

Data Analysis. A one-dimensional form of the advection—
dispersion equation with two-site kinetic retention was used to
simulate the ARS-nHAP transport and retention.”>*® The first
kinetic site assumes reversible, time-dependent retention using
first-order retention (k;) and detachment (k) coefficients, and
a Langmuirian type blocking function®” to account for filling of
the “reversible binding sites” on the grain surfaces as the solid
phase ARS-nHAP concentration approaches s..;. The second
kinetic site assumes irreversible retention using a first-order
retention coefficient (k,) and a depth-dependent blocking
function.*® Details on the mathematical model, including
operative equations, are given in S6.

B RESULTS AND DISCUSSION

Electrokinetic Properties of ARS-nHAP and Sand
Grain. The {-potentials of the ARS-nHAP and the sand grains
under the different experimental conditions are shown in Table
1. The results indicate both the ARS-nHAP and quartz sand are
negatively charged over the tested range of HA concentration
and pH conditions, consistent with previous results.”'®*® The
ARS-nHAP is more negatively charged than unlabeled nHAP
(=26.0 vs —17.1 mV) due to the presence of hydroxyl and
carbonyl functional groups on the ARS.'” The (-potential
increased from —26.0 to —58.7 mV in response to increases in
HA concentration from 0 to 10 mg L™ because of HA sorption
onto the ARS-nHAP.*® The magnitude of the (-potential
increased with suspension pH due to dissociation of proton
groups on the ARS-nHAP and quartz sand.”*

As expected, -potential estimated from streaming potentials
for the mixture of uncoated and iron oxyhydroxide-coated sand
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grains at pH 7.2 became considerably less negative as A
increased from 0 to 0.75. Consistent with previous findings,*"®
{-potential for the sand mixtures was the algebraic sum of the {-
potential for the clean and iron oxyhydroxide-coated fractions
(Figure S7), after correcting for 4.

Properties of the ARS-nHAP. The measured average
particle sizes of ARS-nHAP in the absence and presence of HA
are provided in Table 2. The intensity-weighted hydrodynamic

Table 2. Sizes of ARS-nHAP

ARS-nHAP HA mg L DLS size” nm TEM size” nm
influent® 0 343 + 11 101 + 2.5
1 306 + 9.2 101 + 1.6
S 301 + 84 101 £ 1.8
10 275 + 9.1 101 + 1.3
effluent” 0 252 + 7.5 100 + 1.4
1 235 + 9.6 99.5 £ 1.2
S 203 + 7.3 99.7 £ 1.4
10 185 + 8.9 100 + 1.8

“Average intensity-weighted hydrodynamic particle size of ARS-nHAP,
determined by DLS measurement. “Average particle size of ARS-
nHAP was determined by TEM measurement. “lonic strength was
adjusted to be 0.1 mM of NaCl for all HA concentrations.

size measured by DLS for ARS-nHAP in the influent was
dependent on the HA concentration, ranging from 275 to 343
nm. The ARS-nHAP size decreased with increasing HA
concentration, indicating that HA increased the stability of
the ARS-nHAP suspension as a result of the decrease in {-
potential (Table 1). In contrast, the average sizes of individual
ARS-nHAP measured by TEM were in the vicinity of 100 nm
(Table 2). The intensity-weighted hydrodynamic diameter was
used in the DLVO calculations because it is more relevant to
Brownian transport of the ARS-nHAP than the diameter
determined by TEM.

Effect of HA. Figure 1a and 1b present breakthrough curves
(BTCs) and retention profiles (RPs), respectively, of ARS-
nHAP being advected through quartz sand at pH 7.2 in the
presence of 0, 1, 5, and 10 mg L™" HA (in the range of
environmental relevant HA concentration).”” The BTCs are
plotted as dimensionless concentration C;/C, of ARS-nHAP as
a function of PVs. The RPs are plotted as normalized
concentration (quantity of the ARS-nHAP recovered in the
sand, N,, divided by the C,) per gram of dry sand as a function
of distance from the column inlet. The corresponding mass
recovery of ARS-nHAP in the effluent and sand is shown in
Table 3. Because virtually all (99.8—104%) of the ARS-nHAP
was recovered, there is a high degree of confidence in the
experimental procedures.

HA was found to have a marked effect on the extent of ARS-
nHAP transport and aggregation. Total ARS-nHAP recovery
increased from 30.5 to 63.4, to 70.2, and to 78.8% when HA
concentration was increased from 0 to 1, to 5, and to 10 mg
L™", respectively (Figure la and Table 3). Interestingly, the
BTC in the absence of HA suggested ripening behavior, i.e.,
increasing deposition rate with time, indicative of ARS-nHAP
aggregation on the solid phase. Examples of particle-size
distributions of the ARS-nHAP in the absence and presence of
HA are presented in Figure 2 and Table 2. The addition of HA
was found to stabilize the ARS-nHAP suspension and thereby
reduce substantially the size of ARS-nHAP in both the column
influent and effluent samples. For the influent, particle size
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Figure 1. Measured and fitted breakthrough curves (a) and retention
profiles (b) for ARS-nHAP under different concentrations of humic
acid (HA) at pH 7.2 in quartz sand. Fitted curves were obtained using
the two-site kinetic attachment model. In (b) the normalized
concentration (quantity of the ARS-nHAP recovered in the sand, N,,
divided by C,) per gram of dry sand and these are plotted as a function
of the distance from the column inlet.

decreased steadily from 343 to 275 nm in response to increases
in HA from 0 up to 10 mg L™, respectively. Sizes of ARS-
nHAP in the effluent also decreased steadily (from 252 to 185
nm) with increasing HA, but were always smaller than those in
the influent due to the size-selective effect of the granular
media. Comparison of the TEM photomicrographs (Figure 3)
further revealed that larger ARS-nHAP aggregates dissociated
into smaller ones in the presence of HA. These observations
indicate that, in the absence of HA, ARS-nHAP aggregates were
more efficiently removed during transport. This could be due to
greater degree of ripening, higher collision efficiency due to
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Figure 2. Mean intensity-weighted hydrodynamic size of influent and
effluent of ARS-nHAP (a) determined by DLS for different suspension
concentrations of HA and (b) the corresponding particle size
distribution (pH 7.2).

sedimentation and interception because of a larger effective
particle size, or more likely to a combination of both.*

The {-potential of ARS-nHAP also became more negative
with increasing HA. Calculations based upon DLVO theory
indicate that this alteration of the surface properties enhanced
the height of the primary energy barrier for both aggregation in
solution and subsequent attachment to grain surfaces (Table
1). Consequently, disaggregation (Figures 2 and 3) and less
retention (Figure 1) of ARS-nHAP occurred at higher HA
concentrations because of increased electrostatic repulsions.
Similarly, Xie et al."* attributed disaggregation of Cg, to changes
in surface charge with adsorption of HA.

Table 3. Mass Balance Percentages for ARS-nHAP in Saturated Packed Column Experiments at Varying HA Concentration,

Iron Oxyhydroxide Grain Coating, and pH

HA mg L™ IS mM A pH
0 0.1 0 7.2
1 0.1 0 72
5 0.1 0 72
10 0.1 0 7.2
10 0.1 0.075 72
10 0.1 0.150 72
10 0.1 0.225 72
10 0.1 0.300 72
10 0.1 0.375 7.2
10 0.1 0.750 72
10 0.1 0.150 6.0
10 0.1 0.150 8.0
10 0.1 0.150 10.5

Mg* % M" % Mo % M %
305 + 1.3 69.5 + 1.1 462 + 19 100 + 2.4
634 + 1.6 364 + 1.3 421 + 1.1 99.8 + 2.9
70.2 + 2.1 301 £ 14 385+ 13 100 + 3.5
78.8 + 1.9 249 + 1.2 34.7 + 0.8 104 + 3.1
56.8 + 2.1 41.1 + 3.1 38.8 + 1.1 97.9 + 5.2
53.7 23 42.5 + 3.2 39.1 + 0.9 96.2 + 5.5
494 + 2.5 443 + 3.5 39.3 + 0.8 93.7 + 6.0
46.5 + 2.2 44.8 + 3.7 39.5 + 0.7 913 + 5.9
436 + 2.3 459 + 4.1 39.7 + 12 89.5 + 6.4
38.7 + 3.2 482 + 4.5 412 + 1.1 869 + 7.7
49.1 + 1.5 S12 + 14 477 + 1.2 100 + 2.9
674 + 2.1 356 + 12 423 + 0.9 103 + 3.3
69.8 + 1.2 29.7 + 1.1 41.7 + 1.0 99.5 + 2.3

“Refers to the effluent percentage of ARS-nHAP recovered from column tests. bRefers to the retained percentage of ARS-nHAP recovered from
column tests. “Refers to the ARS-nHAP retained near the column inlet. “Refers to the total percentage of ARS-nHAP recovered from column tests.
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100 nm

Figure 3. Representative TEM micrographs of ARS-nHAP in the absence (a) and presence (b) of 10 mg L™' HA.

Table 4. Fitted Parameters of the Two-Site Kinetic Attachment Model As Estimated from the Breakthrough Data for Saturated
Packed Column at Varying HA Concentration, Iron Oxyhydroxide Grain Coating, and pH

HA mg L' IS mM A pH k;* min™!

0 0.1 0 72 NA

1 0.1 0 7.2 2.09 X 107
5 0.1 0 7.2 1.54 X 1072
10 0.1 0 7.2 1.05 X 1072
10 0.1 0.075 72 8.92 x 107
10 0.1 0.150 7.2 9.50 X 107
10 0.1 0.225 7.2 1.05 x 107"
10 0.1 0.300 72 1.14 x 107%
10 0.1 0.375 7.2 1.20 X 107"
10 0.1 0.750 72 122 x 107%
10 0.1 0.150 6.0 1.04 x 107"
10 0.1 0.150 8.0 5.92 x 107
10 0.1 0.150 10.5 525 x 107

kldb min ! kS min~! Smaxt/ Cod (N/Co)/g R*
NA" NA NA NA
124 x 107" 1.07 x 107" NA 0.995
1.13 x 107% 7.77 X 107 NA 0.994
9.96 x 107 4.66 x 107 NA 0.996
NA 1.00 x 1072 2.10 X 107 0.991
NA 1.08 X 1072 2.71 x 107 0.989
NA 2.16 X 107 3.08 x 107 0.991
NA 3.05 x 107 3.61 x 107 0.983
NA 3.52 x 107 412 x 107 0.993
NA 1.35 x 107" 148 x 107" 0.992
NA 591 x 107 9.87 x 107 0.991
NA 7.71 x 107% 2.93 X 107 0.989
NA 1.78 X 1079 144 x 1072 0.988

“First-order retention coefficient on site 1. “First-order detachment coefficient on site 1. “First-order retention coefficient on site 2. “Maximum solid
phase concentration of ARS-nHAP on site 1 normalized by the input ARS-nHAP concentration. *Squared Person’s correlation coefficient. “Not

applicable.

In contrast with classical filtration theory®® which predicts
exponential loss with depth, the RPs of ARS-nHAP typically
exhibited a hyperexponential shape with greater retention in the
section adjacent to the column inlet (0—4 cm) and rapidly
decreasing retention with depth (Figure 1b). Hyperexponential
profiles were more pronounced at lower HA concentrations.
Approximately 34.7% of the retained ARS-nHAP occurred near
the column inlet when the HA concentration was 10 mg |
whereas the value was as high as 46.2% in the absence of HA
(Table 3).

The two-site kinetic retention model provided a good
description for both BTCs and RPs when the [HA] > 0,
judging from the high correlation coefficients reported in Table
4. Values of kinetic model parameters k;, k4, and especially k,
decreased with increasing HA concentration. This observation
suggests that mechanisms controlling ARS-nHAP retention
near the column inlet were more sensitive to the HA
concentration. Because the model did not account for ripening,
it was not employed to describe the data collected in the
absence of HA.

Effects of Iron Oxyhydroxide Grain Coatings. Figure 4a
and b presents BTCs and RPs, respectively, for ARS-nHAP in
various mixtures of uncoated and iron oxyhydroxide-coated
quartz sand (4 = 0, 0.075, 0.150, 0.225, 0.300, 0.375, and 0.750)
at pH 7.2 in the presence of 10 mg L' HA. The corresponding
mass recoveries of ARS-nHAP from the effluent and from the
sand are shown in Table 3. In contrast to experiments
examining the influence of HA, the total mass balance for ARS-
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nHAP became progressively poorer (104 to 86.9%) as A
increased. Iron oxyhydroxide surfaces exhibit a strong positive
charge (31.9 mV) at pH 7.2, which is below the estimated
pHpzc of 8.4 (Figure S8). Consequently, ARS-nHAP can be
strongly (and much less reversibly) sorbed in the primary
minimum.

Surface charge heterogeneity was found to have a marked
effect on the transport of ARS-nHAP (Figure 4a). The ARS-
nHAP breaks through at progressively later times and has lower
amounts of ARS-nHAP in the effluent as A increases (M =
78.8 to 38.7%, Table 3). These observations reflect the larger
fraction of the surface area that is favorable (iron oxyhydroxide)
for ARS-nHAP attachment (or ARS-nHAP/HA cosorption). In
particular, the amount of attachment is proportional to A.
Similarly, the amount of time required for ARS-nHAP to
occupy the most favorable attachment sites increases with A.
Only after the sites associated with the iron oxyhydroxides are
occupied can substantive breakthrough start to occur.

Figure 4b shows the RPs for ARS-nHAP as a function of A.
The RPs do not reflect the complete mass of ARS-nHAP in the
sand for larger values of A because of the strong ARS-nHAP
retention on the iron oxyhydroxide-coated sand that was not
completely recovered during extraction (Table 3). Never-
theless, the amount of ARS-nHAP retention clearly increased
with A as expected from the BTCs (Figure 4a) and the
hyperexponential shape of the RPs (Figure 1b). These results
indicate that the RPs still provide useful information in a more
qualitative sense. The fractional retention of ARS-nHAP
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Figure 4. Measured and fitted breakthrough curves (a) and measured
retention profiles (b) for ARS-nHAP under different iron oxy-
hydroxide coating fraction conditions (4) at pH 7.2 in the presence of
10 mg L™" HA. Fitted curves were obtained using the two-site kinetic
attachment model. In (b) the normalized concentration (quantity of
the ARS-nHAP recovered in the sand, N,, divided by C;) per gram of
dry sand and these are plotted as a function of the distance from the
column inlet.

(M, ARS™HAPY increased about 2-fold when A was increased
from 0 to 0.75, which was substantially smaller than the
retained mass of nHAP at a similar amount of iron
oxyhydroxide-coated sand (M,," ™" increased 2.8-fold when 1
increased from 0 to 0.36).° This observation suggests that the
HA is masking much of the positive charged sites on the iron
oxyhydroxides. To confirm this hypothesis, we measured
streaming potentials of the iron oxyhydroxide-coated sand
after equilibration with different concentrations of HA (0, S,
and 10 mg L™'). Interestingly, its {-potential increased from
—51.1 to —62.3, and then to —66.5 mV when the equilibration
suspension HA concentration increased from 0 to S, and then
to 10 mg L™". This observation confirms that HA acts as a
masking agent, and thereby reduces the deposition of ARS-
nHAP by decreasing the net positive charge of the iron
oxyhydroxide-coated sand.

The two-site kinetic retention model was used to simulate
the BTCs for the various uncoated/coated sand mixtures. Table
4 provides optimized values of k;, k,, and s,,,,;, as well as the
correlation coefficients (R?). The BTCs were well described
using this model (Figure 4a). Values of k;, k,, and s,,,,; tended
to increase with A. This trend is expected because s, is
proportional to the fraction of the surface area that is favorable
for retention.’’ > The colloid sticking efficiency is propor-
tional to k; and has been reported to exhibit a one-to-one
correspondence with the surface coverage of metal oxy-
hyclroxidess’19 in the absence of HA. However, in this work,
the colloid sticking efficiency (@) was found to increase
substantively less (from 0.033 to 0.124) than predicted when A
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was increased from 0 to 0.75, respectively, in the presence of 10
mg L™ HA. This observation further indicates that HA is acting
to “mask” much of the positive charge on the iron
oxyhydroxide-coated sand grains.

Effect of pH. Figure Sa and Sb present BTCs and RPs,
respectively, for ARS-nHAP in a mixture of uncoated and iron
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Figure S. Measured and fitted breakthrough curves (a) and measured
retention profiles (b) for ARS-nHAP under the indicated pH
conditions in a mixture of uncoated and iron oxyhydroxide-coated
quartz sand (4 = 0.15, where 4 is the fraction of the quartz grain
surfaces coated by iron oxyhydroxide) in the presence of 10 mg L™"
HA. Fitted curves were obtained using the two-site kinetic attachment
model. In (b) the normalized concentration (quantity of the ARS-
nHAP recovered in the sand, N,, divided by C,) per gram of dry sand
and these are plotted as a function of the distance from the column
inlet.

oxyhydroxide-coated quartz sand (A = 0.15) in the presence of
10 mg L™' HA and varied pH (6.0, 8.0, and 10.5).
Corresponding mass recovery of ARS-nHAP in the effluent
and sand (Table 3) indicated good (99.5—103%) mass balances
under these conditions. The nanoparticles broke through at
progressively earlier times and, as expected, were subject to
lower degrees of attenuation (M, increased from 49.1 to
69.8%) as the pH increased. These observations are consistent
with more of a quartz-dominated system at lower A and
relatively high concentrations of HA. Increasing pH to 10.5 is
sufficient to reverse the surface charge of the iron oxyhydroxide
coating. Thus, electrostatic repulsion between the negatively
charged ARS-nHAP and sand grains was dominant in
promoting the mobility of the ARS-nHAP at suspension pH
10.5, consistent with observations reported by Ryan et al.”'
Increasing pH had a similar effect as increasing HA
concentration on ARS-nHAP transport behavior. As pH
increased, the surface charges of the nanoparticles, quartz
grains, and iron oxyhydroxide patches became more negative.
This causes the energy barrier to attachment in the primary
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minimum to increase, resulting in less retention (more
transport) (Table 1).

The hyperexponential shape of the ARS-nHAP RPs (Figure
Sb) became less pronounced at higher pH. For example, about
47.7% of the total retention occurred near the column inlet at
pH 6.0, in contrast to 41.7% at pH 10.5 (Table 3). This is due,
in part, to enhanced ARS-nHAP aggregation at lower pH.
Similar results were observed in our previous work.’

The two-site kinetic retention model again provided
reasonable fits for the BTCs (see Figure Sa and optimized
values of k;, k,, and s,,,,; in Table 4). Values of k;, k,, and s,
all decreased with increasing pH. These observations indicate
that ARS-nHAP retention on both sites 1 and 2 depended on
the strength of the adhesive interaction (e.g., secondary
minimum) which decreases with increasing pH.

Mechanisms of ARS-nHAP Retention. Wang et al’°
investigated the mechanisms of nHAP (absence of ARS)
retention for different values of pH and 4, but in the absence of
HA. In brief, nHAP retention was demonstrated to depend on
nHAP aggregation, chemical heterogeneity, and surface rough-
ness when A = 0. Furthermore, conditions were demonstrated
to be favorable for nHAP attachment on iron oxyhydroxide-
coated sand grains when 4 > 0 at pH 6.2. The influence of these
same factors is investigated below for ARS-nHAP in the
presence of HA.

Mechanisms of ARS-nHAP retention are expected to be
similar to that for nHAP under comparable attachment
conditions. In the present study, calculated energy barriers to
the primary minimum in the presence of HA and pure quartz
sand were less favorable for attachment of ARS-nHAP (Table
1) relative to nHAP in earlier studies.>® Similar factors seem to
be affecting deposition of ARS-nHAP and nHAP in these sets
of studies. Information presented in S9 of the Supporting
Information confirms the substantial effect of surface rough-
ness>** on ARS-nHAP retention under these conditions. The
importance of ARS-nHAP aggregation on retention was already
demonstrated in Figures 2 and 3 and Table 2.

Environmental Implications. The present study high-
lights several implications for nHAP application to soils and
groundwater environments. In the absence of NOM (e.g., HA),
nHAP has only limited transport capacity due to its high surface
area and large tendency to aggregate. However, a very small
amount of HA (e.g, 1 mg L™") can substantially enhance its
mobility in saturated granular media. In aquifer sediments,
where substantive amounts of iron oxyhydroxide can be present
on grain surfaces, large quantities of nHAP attachment may
occur because of favorable electrostatic attraction between
nanoparticles and collector surfaces. However, NOM clearly
diminishes attachment due to partial masking of the positive
charge on iron oxyhydroxide surfaces. In addition, nanoparticle
attachment is further decreased under more alkaline conditions
(pH 8.0 and 10.5) due to charge reversal on iron oxyhydroxide
surfaces.

Hyperexponential RPs occurred during all of the considered
experimental conditions. These observations suggest that
hyperexponential RPs are a general phenomenon associated
with attachment under unfavorable conditions, and not
necessarily associated with a single retention mechanism.
Unfavorable conditions for deposition are common in subsur-
face environments because of heterogeneities in both chemistry
of the pore water and surface chemistry of the grains. Based
upon our current studies using model media, considerable
variability in the attenuation of nHAP in the subsurface may be
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expected because of local variability in pH, HA concentration,
and surface coverage of iron oxyhydroxides. However, addi-
tional research is needed to determine more accurately the
contributions of these parameters on the transport behaviors of
nHAP and other nanoparticles in more complex media typical
of natural soils and aquifer sediments.
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